The Space Power Research Engine (SPRE), a f r e e -p i s t o n S t i r l i n g engine w i t h l i n e a r a l t e r n at o r , i s b e i n g t e s t e d a t t h e NASA Lewis Research C e n t e r as p a r t o f t h e C i v i l Space Technology I n i t i a t i v e (CSTI) as a c a n d i d a t e f o r h i g h c a p a c i t y space power. T h i s paper p r e s e n t s r e s u l t s o f basel i n e engine t e s t s a t d e s i g n and off-design o p e r a ti n g c o n d i t i o n s . The t e s t r e s u l t s a r e compared w i t h code model p r e d i c t i o n s .
INTRODUCTION The work r e p o r t e d i n t h i s paper i s funded b y t h e NASA C i v i l Space Technology I n i t i a t i v e (CSTI).

Because of i t s h i g h thermal e f f i c i e n c y p o t e n t i a l , S t i r l i n g i s a c a n d i d a t e f o r h i g h c a p a c i t y power f o r space systems i n t h e l a t e 1 9 9 0 ' s and i n t o t h e n e x t c e n t u r y . S i n c e t h e f r e e -p i s t o n S t i r l i n g i s a r e l a t i v e l y immature t e c h n o l o g y , t h e SPRE engines were b u i l t t o serve as r e s e a r c h t o o l s t o e v a l u a t e t h e engine i n i t s i n i t i a l f o r m and t o p r o v i d e a t e s t bed for component t e c h n o l o g y development. T h i s r e p o r t p r e s e n t s a p o r t i o n o f t h e t e s t d a t a o b t a i n e d a t t h e NASA Lewis Research C e n t e r w i t h t h e SPRE I i n i t s o r i g i n a l or b a s e l i n e c o n f i g u r at i o n . Computer p r e d i c t i o n s u s i n g t h e HFAST code
a r e a l s o p r e s e n t e d for comparison.
TEST OBJECTIVES
. To e s t a b l i s h a r e f e r e n c e s e t o f d a t a a t v a r i o u s o p e r a t i n g c o n d i t i o n s o v
e r a r a n g e o f temp e r a t u r e r a t i o s from 1.6 t o 2 . 4 and mean p r e s s u r e s from 5 . 0 t o 15.0 MPa. These d a t a a r e i n t e n d e d f o r t h e v a l i d a t i o n of computer codes and f o r comparison w i t h f u t u r e t e s t d a t a .
. To determine t h e e n g i n e performance s e n s i t i v i t y t o v a r i a t i o n s i n o p e r a t i n g c o n d i t i o n s ; p a r t i c u l a r l y i t s s e n s i t i v i t y t o o p e r a t i n g temperatures.
To check o u t and tune t h e f a c i l i t y systems SPRE I TEST EQUIr'MENT
The SPRE I i s one o f two engines t h a t were designed and b u i l t by Mechanical Technology, I n c . , (MTI) o f Latham, NY, under c o n t r a c t w i t h NASA. The second e n g i n e remains a t MTI. These engines were b u
i l t b y s p l i t t i n g t h e o r i g i n a l Space Power Demonstrator Engine (SPDE) i n h a l v e s and m o d i f y i n g t h e open h o t ends o f t h e c y l i n d e r s by a d d i n g c l o s u r e heads. References 1 t o 3 d e s c r i b e t h e
SPDE program and engine t e s t r e s u l t s . The photograph i n F i g . 1 shows t h e SPRE I i n s t a l l e d i n t h e NASA Lewis t e s t f a c i l i t y . F i g . 2 i s a c r o s s sect i o n d r a w i n g o f t h e SPRE showing i t s m a j o r p a r t s . Because o f t h e l i m i t e d amount o f space a v a i l a b l e i n t h i s paper, o n l y t h e f o l l o w i n g b r i e f d e s c r i pt i o n of t h e t e s t arrangement i s p r e s e n t e d .
Heat i s s u p p l i e d t o t h e engine b y c i r c u l a t i n g m o l t e n s a l t t h r o u g h t h e engine h e a t e r . Waste h e a t i s removed f r o m t h e engine b y c i r c u l a t i n g w a t e r t h r o u g h t h e c o o l e r .
H e l i u m i s used as t h e w o r k i n g gas. The engine produces e l e c t r i c a l power by means o f a l i n e a r a l t e r n a t o r d r i v e n d i r e c t l y b y t h e power p i s t o n . The e l e c t r i c a l power i s absorbed by an e l e c t r i c a l r e s i s t a n c e l o a d , which c o n t r o l s t h e a l t e r n a t o r o u t p u t v o l t a g e and r e s u l t i n g p i s t o n s t r o k e . The SPRE I engine and t e s t f a c i l i t y , i n c l u d i n g i n s t r u m e n t a t i o n , a r e d e s c r i b e d i n r e a s o n a b l e d e t a i l i n [41.
GENERAL TEST PROCEDURES
B e f o r e s t a r t i n g , t h e e n g i n e was p r e s s u r i z e d w i t h h e l i u m w o r k i n g gas t o 5 . 0 MPa; t h e c o o l i n g w a t e r f l o w was s e t t o about 1 . 2 l i t e r / s e c ; t h e s a l t flow was e s t a b l i s h e d a t a b o u t 1.7 l i t e r l s e c ; and t h e e n g i n e ' s h e a t e r was p r e h e a t e d u n t i l t h e a b s o l u t e temperature r a t i o o f t h e h e a t e r t o c o o l e r metal temperatures was about 1.6. The engine was then s t a r t e d u s i n g 60 Hz e l e c t r i c a l power. A f t e r t h e e n g i n e s t a r t e d , t h e mean p r e s s u r e was r a i s e d t o 7 . 5 MPa, and d a t a were t a k e n a t temperature r a t i o s o f 1.7, 1.8, and 2 . 0 . A t each t e m p e r a t u r e r a t i o d a t a were taken a t 5, 6, 7, 8, 9 , and 10 mm Data measurements a t 15 MPa and a t o t h e r temperature r a t i o s were planned. However, w h i l e p r e p a r i n g t o make a n o t h e r t e s t w i t h t h e engine t o complete t h e d a t a s e t , t h e a l t e r n a t o r p l u n g e r was s e v e r e l y damaged i n an u n f o r t u n a t e a c c i d e n t . Cons i d e r a b l e time has been r e q u i r e d t o r e p a i r t h e p l u n g e r and t o s o l v e a number o f o t h e r problems. A t t h i s w r i t i n g , engine d a t a have n o t been measured a t 15 MPa for temperature r a t i o s o t h e r t h a n 2.0.
CODE PREDICTIONS
The S t i r l i n g engine performance code used t o g e n e r a t e t h e p r e d i c t e d d a t a i n t h e p l o t s shown i n t h i s r e p o r t was HFAST, v e r s i o n 1.02.
HFAST was w r i t t e n by Mechanical Technology, I n c . , ( M T I ) under M T I i n t e r n a l R&D f u n d i n g . The major development o f HFAST began i n 1985 and c o n t i n u e d t h r o u g h 1987. The HFAST code i s c u r r e n t l y b e i n g f u r t h e r improved by M T I under c o n t r a c t w i t h NASA. HFAST can s i m u l a t e b o t h f r e e -p i s t o n and k i n e m a t i c S t i r li n g engines. HFAST assumes t h a t t h e s o l u t i o n o f t h e g o v e r n i n g c o n s e r v a t i o n e q u a t i o n s a r e harmonic f u n c t i o n s o f t i m e . The s o l u t i o n i s t h e n found by s o l v i n g a system o f n o n l i n e a r , a l g e b r a i c e q u a t i o n s r a t h e r than a system o f d i f f e r e n t i a l e q u a t i o n s . 
n t r o l volumes were used t o model each t h e r e g e n e r a t o r and t h e cooler-to-compression-space c o n n e c t i n g d u c t s . T h i s s e t u p n e g l e c t e d t h e second compression-space volume (see F i g . 2 ) . which e x i s t s a t t h e c o l d end o f t h e d i s p l a c e r . Since HFAST i s a one-dimensional code, t h e a d d i t i o n of t h e second compression-space volume t o t h e computer model p r o b a b l y would n o t have had a s i g n i f i c a n t e f f e c t on t h e p r e d i c t i o n s .
When a second compression-space volume was added t o t h e NASA Lewis SPRE code, which i s a onedimensional code, t h e e f f e c t on t h e code p r e d i ct i o n s was i n s i g n i f i c a n t . m o t i o n s , f r e q u e n c i e s , mean p r e s s u r e s , s a l t and w a t e r f l o w s , and temperatures were used as i n p u t s t o t h e HFAST code. P r e d i c t i o n s were made f o r compression-space p r e s s u r e v a r i a t i o n s , p i s t o n PV power, h e a t e r and c o o l e r h e a t flows, p i s t o n PV e f f i c i e n c y , and o t h e r parameters for comparison t o SPRE I measured d a t a .
The a c t u a l measured p i s t o n and d i s p l a c e r RESULTS
The i n i t i a l SPRE I d a t a p r e s e n t e d e a r l i e r C41 d i f f e r f r o m t h e d a t a p r e s e n t e d i n t h i s paper. The d i f f e r e n c e s a r e due t o a change i n t h e c a l c u l a t i o n for t h e c o o l e r w a t e r -s i d e t u b e w a l l temperature.
A f t e r r e v i e w i n g t h e range o f P r a n d t l and Reynolds numbers e x i s t i n g i n t h e SPRE c o o l e r , i t was d e t e rmined t h a t t h e w a t e r -s i d e h e a t -t r a n s f e r c o r r e l a t i o n (see C51, Eq. 9.108b) used d u r i n g t h e i n i t i a l t e s ti n g was n o t a p p r o p r i a t e . The p r e d i c t e d temperature d r o p between t h e tube w a l l temperature and t h e b u l k water temperature tended t o be too h i g h .
T h e r e f o r e t h e c a l c u l a t e d c o o l e r w a l l temperature was h i g h e r than t h e a c t u a l c o o l e r w a l l temperature, and t h e c a l c u l a t e d w a l l temperature r a t i o between t h e h e a t e r tubes and t h e c o o l e r tubes was lower t h a n t h e a c t u a l temperature r a t i o . The c o o l e r , w a t e r -s i d e h e a t -t r a n s f e r c o r r e l a t i o n was r e p l a c e d w i t h a new c o r r e l a t i o n C61. The r e v i s e d c a l c u l at i o n f o r c o o l e r tube o u t s i d e -w a l l temperature has been used for a l l subsequent t e s t s . F i g u r e 4 shows t h e w a l l temperature r a t i o determined u s i n g t h e r e v i s e d c a l c u l a t i o n versus p i s t o n a m p l i t u d e for t h e d a t a taken a t a w a l l temp e r a t u r e r a t i o o f 2.0 p r e s e n t e d i n 141. For comp a r i s o n , t h e c a l c u l a t e d w a l l temperature r a t i o s f o r t h e SPRE d a t a r e p o r t e d i n t h i s paper a r e a l s o shown. A l t h o u g h t h e o r i g i n a l d a t a was i n t e n d e d t o be a t a temperature r a t i o o f 2.0, t h e temperature r a t i o s were a c t u a l l y h i g h e r , approaching 2.1 a t 9 mm p i s t o n a m p l i t u d e .
Unless o t h e r w i s e s t a t e d t h e d a t a p l o t s d i s -
cussed below a r e for a temperature r a t i o of 2.0.
The measured o p e r a t i n g f r e q u e n c i e s as a f u n c t i o n of engine mean p r e s s u r e a t a temperature r a t i o o f 2 . 0 for 6.0, 8.0, and 10.0 mm p i s t o n a m p l i t u d e s a r e shown i n f i g u r e 5. The f r e q u e n c y v a r i e s a p p r o x i m a t e l y i n p r o p o r t i o n t o t h e square r o o t o f t h e mean p r e s s u r e from about 60 t o 100 Hz. The f r e q u e n c y i s a f f e c t e
d s l i g h t l y by t h e p i s t o n a m p l i t u d e ; t e n d i n g t o d r o p as p i s t o n a m p l itude i n c r e a s e s . A t 15 MPa mean p r e s s u r e t h e f r equency drops 1.4 Hz when t h e p i s t o n a m p l i t u d e i s i n c r e a s e d from 6 t o 10 mm. T h i s i s most l i k e l y due t o an i n c r e a s e i n e f f e c t i v e system damping caused by gas flow l o s s e s i n c r e a s i n g a t a h i g h e r r a t e than t h e power as t h e p i s t o n a m p l i t u d e i s i n c r e a s e d .
The p i s t o n PV power ( r a t e o f work performed o n t h e power p i s t o n b y t h e compression-space gas) v e r s u s p i s t o n a m p l i t u d e i s shown i n f i g u r e 6. The p i s t o n PV power i s based on t h e o p e r a t i n g f r e q u e n c y and t h e i n t e g r a l o f P dV u s i n g f i r s t o r d e r harmonic e x p r e s s i o n s for t h e compression-space p r e s s u r e a m p l i t u d e and phase a n g l e r e l a t 
i s shown i n F i g . 7 . The PV power a t 7 . 5 MPa mean p r e s s u r e i s p l o t t e d a g a i n s t temperature r a t i o f o r The e f f e c t o f temperature r a t i o on PV power p i s t o n a m p l i t u d e s o f 10 and 6 mm. The PV power tends t o v a r y n e a r l y l i n e a r l y w i t h i n c r e a s i n g t e m p e r a t u r e r a t i o . The code p r e d i c t i o n s tend to be g r e a t e r t h a n t h e measured d a t a by 1.3 t o 6.8 p e r c e n t . The percentage d i f f e r e n c e i n c r e a s e s w i t h i n c r e a s i n g temperature r a t i o and w i t h i n c r e a s i n g p i s t o n a m p l i t u d e .
The compression space p r e s s u r e a m p l i t u d e sus p i s t o n a m p l i t u d e a r e shown i n F i g . 8 . A1 measured d a t a f a l l s w i t h i n about 2 p e r c e n t o f p r e d i c t e d v a l u e s . F i g u r e 9 shows t h e compression space p r e phase a n g l e versus t h e p i s t o n a m p l i t u d e . The a n g l e was measured w
i t h r e s p e c t t o t h e p i s t o n a m p l i t u d e . The n e g a t i v e s i g n i n d i c a t e s t h a t p r e s s u r e l a g s t h e p i s t o n m o t i o n . The t r e n d s v e rt h e t h e s u r e phase he n t h e measured d a t a a r e s i m i l a r t o t h e p r e d i c t i o n s .
The p r e s s u r e phase a n g l e magnitude tends t o
decrease as t h e p i s t o n a m p l i t u d e i n c r e a s e s , w i t h t h e s l o p e b e i n g g r e a t e r a t 15 MPa. However, t h e measured phase angles a r e s m a l l e r than t h e p r ed i c t e d angles ( w e l l o u t s i d e t h e e r r o r bands). The g r e a t e s t d i f f e r e n c e i s about 0.95" a t 5 MPa w i t h 9 mm p i s t o n a m p l i t u d e . The s m a l l e r p r e s s u r e phase a n g l e s account f o r most o f t h e d i f f e r e n c e between measured and p r e d i c t e d PV power. a m p l i t u d e i s shown i n f i g u r e 10 f o r 5 and 15 MPa mean p r e s s u r e . The PV e f f i c i e n c y was c a l c u l a t e d b y d i v i d i n g t h e p i s t o n PV power b y t h e h e a t flow t o t h e h e a t e r . i n s e n s i t i v e t o p i s t o n a m p l i t u d e and mean p r e s s u r e . The measured v a l u e s v a r y o n l y from about 17.5 t o 2 2 . 6 p e r c e n t o v e r t h e f u l l range o f p i s t o n a m p l it u d e and mean p r e s s u r e . A t 5 MPa t h e e f f i c i e n c y tends t o i n c r e a s e as t h e p i s t o n a m p l i t u d e i n c r e a s e s , as p r e d i c t e d . I t was 0.37 percentage p o i n t s h i g h e r a t 5 mm and tended t o f a l l below t h e p r e d i c t i o n s by up t o 0.84 p o i n t s as t h e p i s t o n a m p l i t u d e i n c r e a s e d . The code p r e d i c t s t h e e f f ic i e n c y a t 15 MPa t o be maximum a t 5 mm and t o decrease as t h e p i s t o n a m p l i t u d e i n c r e a s e s . The measured d a t a a t 15 MPa f a l l below t h e p r e d i c t i o n s and tends t o peak a t about 8 mm. The d i f f e r e n c e between measured and p r e d i c t e d e f f i c i e n c y a t 15 MPa i s 2 . 4 6 percentage p o i n t s a t 5 mm and decreases t o about 1.1 p o i n t s a t 9 and 10 mm. d a t a v e r s u s p i s t o n PV power f o r a l l t h e d a t a t a k e n a t t e m p e r a t u r e r a t i o = 2.0. T h i s f i g u r e v e r y dram a t i c a l l y shows t h a t t h e SPRE PV e f f i c i e n c y i s
n e a r l y c o n s t a n t o v e r more t h a n an o r d e r o f magnitude range o f PV power. The h i g h e s t PV e f f i c i e n c y o c c u r r e d a t 7 . 5 MPa o v e r a range o f 1.7 t o 5.1 kW; v a r y i n g o n l y from 21.22 t o 22.64 p e r c e n t .
F i g u r e 12 shows t h e PV e f f i c i e n c y versus t e m p e r a t u r e r a t i o a t 7 . 5 MPa for 10 and 6 mm p i st o n a m p l i t u d e . As expected t h e PV e f f i c i e n c y i n c r e a s e s w i t h t e m p e r a t u r e r a t i o . A t 10 mm p i st o n l a m p l i t u d e t h e measured d a t a a r e v e r y c l o s e ( w i t h i n e0.5 percentage p o i n t ) t o t h e p r e d i c t i o n s .
A t 6 mm t h e measured d a t a a r e 1.64 t o 1.05 p o i n t s h i g h e r t h a n t h e p r e d i c t i o n s and t h e d i f f e r e n c e decreases as t h e t e m p e r a t u r e r a t i o i n c r e a s e s .
The p i s t o n PV e f f i c i e n c y versus t h e p i s t o n
The PV e f f i c i e n c y i s r e l a t i v e l y F i g u r e 11 shows t h e measured PV e f f i c i e n c y
I n F i g . 13 t h e h e a t i n p u t r a t e t o t h e h e a t e r i s shown versus p i s t o n a m p l i t u d e . The measured h e a t flow v a r i e s n e a r l y l i n e a r l y w i t h p i s t o n amplit u d e and w i t h mean p r e s s u r e t o about t h e 1.5 power. The measured d a t a g e n e r a l l y agrees c l o s e l y w i t h t h e p r e d i c t i o n s . A t 15 MPa t h e measured d a t a ranges from 4.6 p e r c e n t h i g h e r t h a n t h e p r e d i c t i o n
a t 5 mm t o 2.5 p e r c e n t lower t h a n p r e d i c t i o n a t 10 mm. A t 10 MPa t h e measured d a t a ranges f r o m 7 t o 2 . 3 p e r c e n t l o w e r and a t 5 MPa t h e measured d a t a a r e 8.1 t o 5.7 p e r c e n t l o w e r . F i g . 14 v e r s u s t h e p i s t o n a m p l i t u d e . The c o o l e r h e a t flow a l s o v a r i e s n e a r l y l i n e a r l y w i t h p i s t o n a m p l i t u d e and w i t h t h e mean p r e s s u r e t o about t h e 1.5 power. A t 15 MPa t h e SPRE d a t a were 0 . 6 t o 2.65 p e r c e n t l o w e r t h a n p r e d i c t e d . A t 10 MPa t h e measured d a t a ranged from 3.5 p e r c e n t l o w e r t o 0.7 p e r c e n t h i g h e r t h a n t h e p r e d i c t i o n s . And a t 5 MPa t h e measured d a t a were 0 . 4 t o 8 . 9 p e r c e n t l o w e r t h a n t h e p r e d i c t e d v a l u e s . The e,xpansion space mean gas temperature v e rsus p i s t o n a m p l i t u d e i s shown i n F i g . 15. The meas u r e d temperatures a r e lower t h a n t h e p r e d i c t e d t e m p e r a t u r e s . A t 15 MPa t h e measured temperatures a r e 0.7 t o 7.2" lower than p r e d i c t e d . A t 10 MPa t h e SPRE d a t a were 0 . 4 t o 10.1" l o w e r . And a t 5 MPa t h e measured v a l u e s were 3.1 t o 21.8" lower t h a n p r e d i c t e d . The d i f f e r e n c e tends t o decrease as mean p r e s s u r e
and p i s t o n a m p l i t u d e i n c r e a s e ;
which suggests p o s s i b l e measurement e r r o r due t o c o n d u c t i o n a l o n g t h e thermocouples or d i f f e r e n c e s between t h e h e a t t r a n s f e r dependent mear: v a l u e measured by t h e thermocouples and t h e t i m e averaged mean gas t e m p e r a t u r e c a l c u l a t e d by t h e code.
S i n c e i t was n o t p r a c t i c a l t o m a i n t a i n t h e s a l t t e m p e r a t u r e w i t h i n s m a l l l i m i t s w h i l e m a i n t a i n i n
g c o n s t a n t w a l l t e m p e r a t u r e r a t i o , t h e expansion space t e m p e r a t u r e v a r i a t i o n does n o t r e f l e c t a t r e n d due t o t h e engine b u t r a t h e r t h e v a r i a t i o n i n o p e r a t i n g c o n d i t i o n s . t e m p e r a t u r e as a f u n c t i o n o f p i s t o n a m p l i t u d e . The measured temperatures a r e lower t h a n t h e p r ed i c t e d v a l u e s . A t 15 and 10 MPa t h e measured d a t a a r e w i t h i n 2" o f t h e p r e d i c t e d v a l u e s . A t 5 MPa t h e measured d a t a were lower b y 3 . 7 t o 6 "C.
The i m p l i c a t i o n s o f t h e d i f f e r e n c e s between measured and p r e d i c t e d temperatures a r e t h e same as those f o r t h e expansion space temperatures.
The c o o l e r h e a t r e j e c t i o n r a t e i s shown i n F i g u r e 16 shows compression space mean gas
CONCLUDING REMARKS
The measured d a t a appear t o agree f a i r l y w e l l w i t h t h e HFAST code p r e d i c t i o n s . The p i s t o n PV power agrees w i t h i n 10 p e r c e n t and PV e f f i c i e n c y agrees w i t h i n about 2 . 5 percentage p o i n t s . The h e a t t o t h e h e a t e r and h e a t r e j e c t e d by t h e c o o l e r agree w i t h i n about 9 p e r c e n t . The t r e n d s i n measured d a t a g e n e r a l l y follow t h e same t r e n d s as t h e code p r e d i c t i o n s . The r e l a t i v e l y l a r g e d i f f e r e n c e (much l a r g e r t h a n t h e d a t a e r r o r band) between measured and p r e d i c t e d compression space p r e s s u r e phase a n g l e and r e s u l t i n g lower measured PV power and e f f i c i e n c y , as w e l l as t h e expansion space and compression space temperatures t e n d i n g always t o be lower than t h e code p r e d i c t i o n s suggest p o s s i b l e measurement or measurement i n t e r p r e t a t i o n e r r o r s and t h a t t h e code may n o t a c c u r a t e l y r e p r e s e n t or r e c o g n i z e some o f t h e l o s s e s , h e a t -t r a n s f e r , and aerodynamic phenomena a s s o c i a t e d w i t h o s c i l l a t i n g flow. The code a l s o does n o t account f o r e f f e c t s o f gas b e a r i n g f l o w s and mass t r a n s p o r t between volumes o f t h e engine.
The l a r g e e s t i m a t e d e r r o r bands on PV power and e f f i c i e n c y , h e a t i n p u t and h e a t r e j e c t e d a r e due p r i m a r i l y t o t h e u n c e r t a i n t y i n t h e compression space p r e s s u r e a m p l i t u d e and d e l t a temperature measurements f o r t h e h e a t e r and c o o l e r . A l t h o u g h t h e engine d a t a suggests t h a t t h e a c t u a l e r r o r may be somewhat l e s s than t h e c u r r e n t e s t i m a t e s , t h e r e i s a need t o improve t h e accuracy o f t h e s e measurements t h r o u g h improved setup and c a l i b r a t i o n o r p o s s i b l y by u s i n g a l t e r n a t i v e t e c h n i q u e s w i t h i n h e r e n t l y l e s s e r r o r . F u r t h e r improvement i n f r e e -p i s t o n S t i r l i n g engine performance w i l l depend h e a v i l y upon code models t o g u i d e hardware d e s i g n . A m a j o r element i n t h e NASA S t i r l i n g a c t i v i t i e s i s l o s s understandi n g . T h i s e f f o r t i s b e i n g done p r i m a r i l y t h r o u g h c o n t r a c t s and c o l l e g e g r a n t s t o i n v e s t i g a t e and model t h e e f f e c t s o f o s c i l l a t i n g flow on v i s c o u s l o s s e s and h e a t t r a n s f e r i n t h e v a r i o u s components of t h e S t i r l i n g c y c l e as w e l l as l o s s e s i n gas s p r i n g s . As t h e y become a v a i l a b l e , t h e r e s u l t s o f t h e l o s s u n d e r s t a n d i n g work and e x p e r i m e n t a l engine t e s t s w i l l be i n t e g r a t e d i n t o t h e engine codes. 
